Nitrogenase catalyzes a critical reaction in the global nitrogen cycle, namely the six-electron reduction of atmospheric dinitrogen to ammonia. Although this overall reaction is thermodynamically favored, dinitrogen is inert and the reaction is only carried out in nature by an extremely complex enzyme system composed of two proteins designated the Fe protein and the MoFe protein. The Fe protein is an approximate 60-kDa dimer that contains a single [4Fe-4S] cluster bridging between the two identical subunits. Each subunit has one binding site for MgATP (1, 2). The MoFe protein is an approximate 230-kDa ␣ 2 ␤ 2 tetramer that contains two different types of metal centers, the [8Fe-7S] P-clusters and the 
Nitrogenase catalyzes a critical reaction in the global nitrogen cycle, namely the six-electron reduction of atmospheric dinitrogen to ammonia. Although this overall reaction is thermodynamically favored, dinitrogen is inert and the reaction is only carried out in nature by an extremely complex enzyme system composed of two proteins designated the Fe protein and the MoFe protein. The Fe protein is an approximate 60-kDa dimer that contains a single [4Fe-4S] cluster bridging between the two identical subunits. Each subunit has one binding site for MgATP (1, 2) . The MoFe protein is an approximate 230-kDa ␣ 2 ␤ 2 tetramer that contains two different types of metal centers, the [8Fe-7S] P-clusters and the [Mo-7Fe-9S-homocitrate] FeMo cofactor centers (3) (4) (5) (6) (7) . Each ␣␤ dimer contains one Pcluster and one FeMo cofactor center and has one binding site for the Fe protein (3, 8) . The two halves of the MoFe protein are believed to function independently from each other (9) .
Until very recently, following decades of work on the nitrogenase system, there was general agreement that this enzyme functioned by a series of one-electron transfer steps between the Fe protein and the MoFe protein (7, 10, 11) . In this process the [4Fe-4S] ϩ state of the Fe protein binds two molecules of MgATP, undergoes a global conformational change, binds to the MoFe protein, and transfers an electron to the P-cluster of the MoFe protein in a reaction that is coupled to MgATP hydrolysis (7, 12, 13) . Following electron transfer, inorganic phosphate is believed to be released from the complex prior to complex dissociation (14) . The free oxidized 2ϩ Fe protein with MgADP bound is then reduced to the [4Fe-4S] ϩ state, MgADP exchanges with MgATP and this one-electron Fe protein cycle is repeated until the MoFe protein accumulates enough electrons to reduce substrates (7) . This one-electron-ata-time view of the mechanism of nitrogenase was developed from experiments that employed dithionite as an artificial electron donor (15 (18) . The two-electron reduced form of the Fe protein was obtained using Ti(III)citrate, a reductant that has also been used in steady state assays of this enzyme (19) . These data suggest that the nitrogenase reaction could possibly function using two-rather than oneelectron cycles with the Fe protein shuttling between the ϩ2 and 0 oxidation states. A two-electron process also has a certain esthetic appeal. Thus, the Fe protein may be a dimer with a single [4Fe-4S] cluster because it may need to bind two molecules of its physiological one-electron donor flavodoxin in order to deliver two electrons to a single cluster. In Klebsiella pneumoniae the entire process is known to begin with the twoelectron donor pyruvate (20) . The recent structure of a nondissociating nitrogenase complex suggests two putative electron transfer pathways from the Fe protein [4Fe-4S] cluster to the P-cluster (8) , which is known to undergo two-electron chemistry (21) . Both the P-clusters and the FeMo cofactor are double clusters that might be able to accept two electrons, and all substrates of nitrogenase are reduced in multiples of two electrons (7) .
If Spectroscopy-For UV/Vis absorption experiments samples were prepared in anaerobic cuvettes, previously blanked, in the dry box. Where indicated, anaerobic nucleotide solutions were added to give a 10-fold molar excess of nucleotide over Fe protein. Spectra were recorded on a HP 8452A Diode Array spectrophotometer. Visible region CD samples were prepared in the same manner. Spectra were recorded on a Jasco J720 spectrometer with a scan speed of 50 nm/min. Traces shown are the accumulation of 5 scans. Mössbauer spectra were recorded with a constant acceleration spectrometer using a cryostat from Janis Research, Inc. Parallel mode EPR measurements were performed with a Bruker ESP 300 spectrometer equipped with an Oxford ESR 910 liquid helium cryostat. A Bruker ER 4116 DM dual mode cavity was used to generate the microwave fields, H 1 , parallel to the static field, H. Perpendicular mode EPR were recorded on a Bruker ESP 300 Ez spectrometer, interfaced with an Oxford Instrument ESR-9002 liquid helium continuous flow cryostat. All perpendicular mode spectra were recorded at 14 K using a microwave frequency of 9.47 GHz, a modulation frequency of 100 kHz, a modulation amplitude of 5 gauss, a gain of 5 ϫ 10 4 , and a microwave power of 2 or 50.4 mW.
Fe Chelation Assay-A solution of Fe protein (approximately 0.7 mg/ml) was prepared in an anaerobic cuvette in the dry box and was then blanked on the UV/Vis spectrophotometer. Data collection was initiated after the addition of bathophenanthroline disulfonate (2 mM) which was followed immediately by the addition of nucleotide (2 mM). In the case of the MoFe protein protection chelation assay, the cuvette solution also contained one-half of an equivalent of MoFe protein, 10 mM creatine phosphate, and 20 units/ml creatine phosphokinase.
Nucleotide Binding Assays-Desalted, dithionite-free Fe protein (0.35 ml of a 30 mg/ml solution) was loaded onto a Sephadex G-25 column (0.5 ϫ 10 cm) equilibrated with 0.05 M Tris-HCl, pH 8.0, containing either MgATP or MgADP (100 M) in the presence of excess Ti(III)citrate (4 mM) or dithionite (4 mM). A 1.5-fold excess of magnesium over either nucleotide was used. The protein and nucleotide concentrations of each three-drop fraction that eluted from the column were determined using the Biuret method (24) and a high performance liquid chromatography method (26) , respectively. We note that because this type of standard assay (27) involves adding a large amount of protein (10 mg) to a column equilibrated with 100 M nucleotide it only determines whether nucleotides bind, not the stoichiometry.
Substrate Reduction Assays-Acetylene reduction assays were performed in 4.5-ml vials in the dry box immediately after dithionite and Ti(III)citrate removal from the nitrogenase proteins. Assay vials contained in a 1-ml total volume, Fe protein (70 -100 M), MoFe protein (10 -20 M), MgATP (10 mM), and NaCl (approximately 40 mM), in 0.05 M Tris-HCl, pH 8.0. Acetylene was added to the vials in the Argon filled dry box resulting in a 20% final concentration. After equalization to atmospheric pressure, assays were initiated by the addition of MgATP and terminated by the addition of 0.1 ml of 30% trichloroacetic acid. Time courses for the assays ranged from 20 s to 2 min. The ambient temperature of the dry box was approximately 24°C and assay vials were mixed manually. Products were analyzed as described elsewhere (23) .
RESULTS AND DISCUSSION

[4Fe-4S]
0 Fe Protein Binds MgADP and MgATP-For the nucleotide binding experiment shown in Fig. 1 (8, 12, 28, 36) . The binding of two molecules of MgADP to this state of the Fe protein causes a different, less dramatic conformational change that does not involve a global change in the protein's radius of gyration (28) . The MgATP induced conformational change can be easily observed using the chelation assay shown in Fig. 2 . This assay compares the behavior of the [4Fe-4S] ϩ and [4Fe-4S] 0 Fe proteins in the presence of the iron chelating agent bathophenanthroline disulfonate. Although the [4Fe-4S] cluster is normally exposed to water (2, 29) the Fe atoms of the cluster are essentially protected from attack by chelating agents, and this situation does not change upon the addition of MgADP (30 -32) (Fig. 2 ). Upon addition of MgATP, however, the conformational change causes the [4Fe-4S] cluster to move to the surface of the protein so that all the Fe atoms can be removed from the protein (30 -32) . This chelation reaction can be monitored by the appearance of the pink ferrous- phenanthroline complex (30) . For the [4Fe-4S] ϩ cluster, which formally contains three ferrous and one ferric iron atoms, the reaction was carried out in the presence of excess dithionite to ensure that all the Fe atoms would appear in the ferrousphenanthroline complex. Because the [4Fe-4S] 0 Fe protein already contains four ferrous Fe atoms (17, 18) , Ti(III)citrate was not required in the assay. As shown in Fig. 2 , the reactions of the Fe protein in the 0 or ϩ1 oxidation states in the presence of MgATP are qualitatively and quantitatively indistinguishable from each other. The same result was also obtained using the much slower chelator ␣,␣Ј-bipyridyl (data not shown). Thus, the [4Fe-4S] 0 Fe protein binds MgATP and undergoes the MgATP induced conformational change.
Nucleotide Binding Has Little Effect on the Spectroscopic Properties of the [4Fe-4S]
0 Cluster-Although the MgATP-binding site is 19 Å from the [4Fe-4S] cluster, the induced conformational change influences the environment of that cluster (3, 7, 12) . For the ϩ1 oxidation state, this can be observed not only in the chelation reaction shown in Fig. 2 but also as changes in some of the spectroscopic properties of that cluster, including its EPR spectrum (33, 34) . The spectra in Fig. 3 show that the MgATP induced conformational change has essentially no effect on the distinctive UV/Vis, CD, or Mössbauer spectra exhibited by the 1 Although MgADP binding causes a less dramatic conformational change, that change can be easily observed for the ϩ2 oxidation state in a CD experiment (35) . As was the case for addition of MgATP, no changes were observed for the UV/Vis or CD spectra exhibited by the [4Fe-4S] 0 cluster upon addition of MgADP (data not shown).
The [4Fe-4S] 0 Fe Protein Binds Normally to the MoFe Protein-If the [4Fe-4S]
0 Fe protein is physiologically relevant, then the Fe protein must bind productively to the MoFe protein. The MgATP induced conformational change is a prerequisite for this productive binding (7, 12, 36, 37 2 complex from iron chelators (31) . As shown in Fig. 2 Fig. 4 , is 1 The position of the g ϭ 16.4 resonance is not sensitive to small variations in the rhombicity parameter E/D. The intensity of the resonance, however, is proportional to (E/D) 2S ϭ (E/D) 8 A, UV/Vis spectra. B, visible region CD spectra. C, parallel mode EPR spectra recorded at 2 K and 1.26 mW as described previously (18) . D, Mössbauer spectra were recorded at 4.2 K and 0.05 Tesla applied field as described previously (18 (Fig. 3) . In standard perpendicular mode only a weak feature around g ϳ 15.9 was observed (data not shown).
2 The [4Fe-4S] 1ϩ cluster of the Fe protein occurs, in frozen solution, as a physical mixture of two forms with S ϭ 3/2 and S ϭ 1/2 ground states (38 -40) . In perpendicular mode, the S ϭ 1/2 form exhibits a signal at g ϳ 2.06, 1.94, and 1.86 and the S ϭ 3/2 form yields weak, broad resonances between g ϭ 4 and 6 (Fig. 4) In experiments with the MoFe protein, the 0 to ϩ1 transition can therefore be observed as the appearance of the S ϭ 1/2 EPR signal in the perpendicular mode and the disappearance of the S ϭ 4 signal in the parallel mode; the absence of both signals suggests that the sample is in the diamagnetic ϩ2 oxidation state.
Electron Transfer to the Oxidized MoFe Protein-As isolated in the presence of excess dithionite, the MoFe protein contains FeMo cofactor (M-center) and P-clusters in the M n and P n oxidation states, respectively (44). M n yields an S ϭ 3/2 EPR signal (g ϳ 4.3, 3.68, and 2.01) as shown in Fig. 5 , trace 1, while the P n clusters are diamagnetic. When excess thionine is added to the MoFe protein, the P-clusters are oxidized by two electrons to the P ox state (45) , then the FeMo cofactor is oxidized by one electron to the diamagnetic M ox state (45) . P ox has integer electronic spin (S ϭ 3 or 4) and yields a resonance at g ϳ 12 (21, 46, 54) . For low MoFe protein concentrations as used in the present study the intrinsically weak g ϳ 12 resonance is difficult to observe with adequate signal to noise ratios even in parallel mode; in perpendicular mode the oxidized MoFe protein is essentially EPR silent, as shown in trace 2 of Figs. 5 and 6. It is well established that the M ox P ox state of the MoFe protein can be readily reduced to the M n P n state using chemical reductants or flavodoxin or ferredoxin (45, 47) . As shown in Scheme I the reduction potential for the one-electron M ox /M n couple is Ϫ42 mV versus SHE (48) while that of the twoelectron P ox /P n couple is Ϫ307 mV (21) . As expected from simple thermodynamic arguments, when low potential chemical reductants are used and the system goes to equilibrium the first equivalent of electrons added is used to reduce M ox (45, 47, 49) . It is not known in these cases whether the electron goes directly to the FeMo cofactor or passes through the P-cluster.
For the experiments described below, rather than using chemical reductants, 2 The S ϭ 4 multiplet of the all-ferrous state has zero-field splitting parameters D Ϸ Ϫ0.75 cm Ϫ1 and E/D Ϸ 0.33. The g ϭ 16.4 resonance originates from transitions between the M S ϭ Ϯ4 levels. With our dual mode cavity we observe, in parallel mode, the g ϭ 16.4 resonance at 2 K at a concentration as low as 1 M Fe protein. In perpendicular mode, transitions between the M S ϭ Ϯ4 sublevels are forbidden when the static magnetic field is along z. However, when the field is tilted a few degrees toward the x-y plane, the x or y components of the field mixture M S ϭ Ϯ3 states into the ground levels, leading to the weak feature observed around g ϭ 15.9. and NaCl concentrations were 12.9 mg/ml, 12.4 mg/ml, and 80 mM, respectively. Samples were mixed, placed in EPR tubes, and frozen outside of the dry box after 1 min. Spectra were recorded at 14 K and 50.4 mW as described under "Experimental Procedures"; scan range 70 -410 mT. S ϭ 3/2 and S ϭ 1/2 EPR signal percentages were obtained from the peak to peak heights of the g ϭ 3.68 and g ϭ 1.94 signals, respectively.
FIG. 4. Perpendicular mode EPR spectra in the 70
cluster being closest to the P-clusters of the MoFe protein and very far away from the FeMo cofactor site consistent with the direction of electron transfer shown in Scheme I (3, 52, 53) .
For the experiments shown in Fig. 5 Table I shows that the identical trend is seen when the Fe protein concentration is equal to that of the FeMo cofactor.
Taken together these data suggest that attaining a MgATP conformation and formation of the productive complex is not required for electron transfer between the Fe protein and P ox or for the internal electron transfer from the P-clusters to M ox . They suggest that the critical factor in these reactions might simply be the difference in reduction potential between the 3 Samples were frozen after 1 min to also minimize electron selfexchange between the [4Fe-4S] 0 and [4Fe-4S] 2ϩ Fe proteins (Fig. 4) and self-oxidation of [4Fe-4S] ϩ (63) . For these experimental conditions individual Fe protein molecules have several opportunities to interact with the MoFe protein. Available information suggests that this process is random and that it is unlikely that the Fe protein could select for MoFe protein molecules that are electron deficient (6, 8, 64) . On quenching after 1 min then one expects to have a mixture of M ox P ox , M n P ox , M n P semiox , and M n P n . We note that Tittsworth and Hales (54) have reported that P semiox exhibit weak S ϭ 1/2 and S ϭ 5/2 EPR signals. The presence of [4Fe-4S] ϩ in our experiments precludes the ability to observe S ϭ 1/2. We did not observe the S ϭ 5/2 EPR signal in any of our experiments. 4 Watt and Reddy (17), using methyl viologen as the reductant, reported that the ϩ Fe protein upon the addition of MgADP has been previously reported (41) . Fe protein, MoFe protein, MgADP, and NaCl concentrations were 12.9 mg/ml, 12.4 mg/ml, 3 mM, and 80 mM, respectively. Samples were produced and analyzed as those described in the legend to Fig. 5 . SCHEME I. An All-ferrous State of the Fe Protein of Nitrogenasedonor and the acceptor because the data in Fig. 5 and Table I show that the lower potential [4Fe-4S] ϩ/0 couple is more effective at electron transfer than the [4Fe-4S] 2ϩ/ϩ couple. As shown in Scheme IB, the addition of MgADP to wild-type Fe protein also lowers the reduction potential of the [4Fe-4S] 2ϩ/ϩ couple well below that of the P ox /P n couple (42). 5 Again this conformation normally dissociates from the MoFe protein and does not form a tight complex. However, as shown in Fig. 6 Table  I shows that the same trends are seen when half the number of electrons are available.
Electron Transfer to the Reduced MoFe Protein-Unlike the electron transfer reaction just described, substrate reduction by nitrogenase absolutely requires the Fe protein and hydrolysis of MgATP to MgADP. During turnover the FeMo cofactor center is reduced beyond the M n , S ϭ 3/2 state to a state with integer electronic spin (44) . The reduction potential of this transition is not known. This reduction has long been observed as a decrease in the intensity of the FeMo cofactor S ϭ 3/2 EPR signal (7, 10, 34 Fig. 7 the P-clusters are initially in the P n state. Although it has been known for more than 20 years that P ox can easily be reduced to P n using artificial reductants that cannot support substrate reduction, there is controversy in the literature concerning whether or not the P ox /P n couple is active during turnover or whether states more reduced then P n are required for substrate reduction (3, 6, 22, (55) (56) (57) (58) . Underlying this controversy is the fact that Mössbauer spectroscopy has long provided evidence that all the Fe atoms of the P n state are essentially ferrous (45, 59) . 6 This, however, does not preclude the further reduction of the P n state for a number of reasons. For example, the reduction potential needed to reduce the P-clusters to the P n state is surprisingly high at Ϫ307 mV versus SHE (Scheme I). The driving force needed to add an additional electron to P n could either be supplied by MgATP hydrolysis or could be minimized by coupling electron transfer to proton transfer or to a structural change as occurs for the P ox /P n transition (6) . Also the overall charge on the all-ferrous state of the P-clusters is much less negative than the charge on the all-ferrous state of the Fe protein because the P-clusters have only seven sulfides and six cysteine ligands for eight Fe atoms in contrast to the usual one 5 Watt and Reddy (17) Fig. 8, trace 5 ). The spectra in Fig. 7 show that the FeMo cofactor S ϭ 3/2 EPR signal has decreased consistent with reduction beyond the M n state (10, 44) . ϩ Fe protein is still present (Fig. 7) although over longer times it disappears concomitantly with the return of the S ϭ 3/2 EPR signal due to electron deprivation (10) (data not shown). Thus, both electrons of the all-ferrous Fe protein can be transferred to the MoFe protein. These experiments cannot distinguish whether the electrons were transferred one at a time with protein dissociation in between or if both electrons were transferred together or sequentially but without complex dissociation because, as shown in Fig. 4 The data presented here show that in vitro the all-ferrous state of the Fe protein can bind MgATP, undergo the MgATP induced conformational change, form the productive complex with the MoFe protein, and transfer both electrons to that protein to support substrate reduction, leaving the cluster of Fe protein in the ϩ2 oxidation state. These data do not reveal whether both electrons stored in the all-ferrous state were transferred prior to complex dissociation or whether the reaction involved sequential one-electron transfers with protein dissociation in between. This point is important because if both electrons are transferred without dissociation then it is likely that the stoichiometry of the reaction is one MgATP hydrolyzed per electron transferred rather than the two MgATPs hydrolyzed as observed when the [4Fe-4S] ϩ Fe protein is used (7, 12, 13) . Our data allow for the possibility that the all-ferrous state of the Fe protein and the ϩ2/0 couple of a single [4Fe-4S] cluster could represent what occurs physiologically, thus making nitrogenase a much more efficient protein than previously thought.
Recently, two possible electron transfer pathways between the [4Fe-4S] cluster of the Fe protein and the P-cluster have been identified from inspection of the x-ray crystallographic structure of a non-dissociating nitrogenase complex (8) . It may be possible that both pathways are used simultaneously to transfer two electrons to the P-cluster. It may be no coincidence that the P-clusters and the FeMo cofactor are both unusual double clusters that could be involved in two-electron transfer steps. Moreover, all the known substrates of nitrogenase are reduced by multiples of two electrons (7) . The present models for the Fe protein oxidation/reduction cycle (15) and the MoFe protein cycle involving step by step reduction of dinitrogen (7) have been based upon a one-electron transfer system and may therefore have to be re-evaluated.
Future experiments will be directed toward trying to produce the all-ferrous state of the Fe protein using physiologically relevant electron donors and in developing a steady state assay that allows the Fe protein to fluctuate between the ϩ2 and 0 oxidation states. 0 state and it can be used as a reductant in steady state activity assays (19) . Our activity assays containing the external reductant dithionite or Ti(III)citrate resulted in very similar substrate reduction rates for nitrogenase, as has been reported previously (19) . The allferrous Fe protein transfers both its electrons to the MoFe protein, after doing so it has to be reduced back to the all-ferrous state in two steps by ϩ . We therefore believe that after being reduced to the ϩ1 oxidation state, the Fe protein then interacts with the MoFe protein resulting in an assay system that is operating between the ϩ1/ϩ2 oxidation states and not the 0/ϩ2 oxidation states. 
